The WBC-2 consortium is an organohalide-respiring anaerobic microbial enrichment culture capable of dechlorinating 1,1,2,2-tetrachloroethane (TeCA) to ethene. In the WBC-2 culture, TeCA is first transformed to trans-dichloroethene (tDCE) by dichloroelimination; tDCE is subsequently transformed to vinyl chloride (VC) and then to ethene by hydrogenolysis. Analysis of 16S rRNA gene clone libraries from culture DNA revealed sequences from three putative dechlorinating organisms belonging to Dehalococcoides, Dehalobacter, and Dehalogenimonas genera. Quantitative PCR primers were designed for each of these sequences, and their abundance was quantified in enrichment cultures over time. These data revealed that complete dechlorination of TeCA to ethene involves all three organisms. Dehalobacter spp. grew during the dihaloelimination of TeCA to tDCE, while Dehalococcoides and Dehalogenimonas spp. grew during hydrogenolysis of tDCE to ethene. This is the first time a genus other than Dehalococcoides has been implicated in dechlorination of tDCE to VC.
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,1,2,2-Tetrachloroethane (TeCA) was one of the first chlorinated solvents produced in North America before World War I (4) . Chronic exposure to TeCA can cause liver damage and possibly cancer (29) . Today, TeCA is no longer manufactured yet remains present at historically contaminated sites. TeCA has been detected at 326 of 1,699 sites recommended for the National Priorities List (28) and is ranked 147th out of 275 chemicals on the 2007 CERCLA hazardous chemicals list (1) . In anaerobic groundwater, TeCA degrades abiotically by dehydrohalogenation to trichloroethene (TCE) and biotically by reductive dechlorination to the nontoxic end product ethene (19) . The transformation products produced during microbially mediated TeCA dechlorination, particularly vinyl chloride (VC), are more toxic than the parent compound (6) ; therefore, the ability to rapidly degrade these daughter products is essential for effective bioremediation. Several microbial consortia and isolated bacterial strains capable of dechlorinating TeCA have been described previously (2-4, 19, 22, 25, 26, 27, 30) . Pure strains degrade TeCA incompletely: Desulfuromonas michiganensis (26) and Desulfitobacterium hafniense strain Y51 (27) are reported to dechlorinate TeCA to cis-dichloroethene (cDCE) and Dehalogenimonas lykanthroporepellans (strains BL-DC-8 and BL-DC-9) is reported to dechlorinate TeCA to a mixture of cDCE and trans-dichloroethene (tDCE) (22, 26, 27) . To date, none of the characterized strains of Dehalogenimonas are capable of dechlorinating chlorinated ethenes, including the DCE isomers and VC (22, 26, 27) .
The mixed microbial culture WBC-2, enriched from sediment from the West Branch Canal Creek (20) , dechlorinates TeCA completely and stoichiometrically to ethene. The WBC-2 enrichment culture has been shown to degrade a wide range of contaminants, including TeCA, 1,1,2-trichloroethane (1,1,2-TCA), 1,2-dichloroethane (1,2-DCA), TCE, cDCE, tDCE, and VC (16, 19) and 1,3,5-trinitroperhydro-1,3,5-triazine (RDX) (21) . In several characterized dechlorinating enrichment cultures, distinct dechlorinating organisms compete or cooperate, depending on the presence and concentrations of halogenated substrates (8, 12) .
Although the WBC-2 consortium can degrade TeCA sequentially to ethene, the microorganisms catalyzing dechlorination in this culture have not been clearly identified. The objective of this study was to identify the organisms responsible for each dechlorination step in order to better understand and predict culture behavior. To this end, we created a series of subcultures to enrich and identify subpopulations of dechlorinating organisms. We identified three dechlorinating genera within the WBC-2 culture: Dehalobacter, Dehalococcoides, and a previously unknown Dehalogenimonas sp. able to couple growth to the dechlorination of tDCE to VC.
MATERIALS AND METHODS
Culture development and maintenance. The WBC-2 culture is an enrichment culture maintained with TeCA, 1,1,2-trichloroethane, and cDCE as electron acceptors, as described in reference 16. It was initially developed at the USGS from West Branch Canal Creek-derived microcosms (16) . In early 2007, a liter of WBC-2 culture was transferred to the Edwards lab at the University of Toronto where new batch culture lineages were created by 10 to 25% dilution into anaerobic mineral medium (10): one lineage amended with the original mixture of three chlorinated compounds (5 mg/liter each of 1,1,2-TCA, cDCE, and TeCA) and three lineages amended with each compound individually at initial concentrations of 5 mg/liter. Following 1 year of enrichment, or approximately 24 dechlorination cycles, 10 to 25% transfer cultures were prepared from each lineage. The amount of electron acceptor added has been gradually increased over time to 10 to 20 mg/liter for individual compounds. In 2010, follow-ing completion of the 1:20 dilution growth trial (as described below), tDCE-and VC-amended enrichment cultures were generated using a 15% initial inoculum from the 1:20 dilution tDCE-amended cultures. Two cultures were maintained with amendments of 10 mg/liter tDCE while the third was maintained with amendments of 10 mg/liter VC. All three of these newest transfer cultures were amended with electron acceptors and electron donors approximately once every 2 weeks for a total of 16 amendments (ϳ8 months) prior to DNA extraction for quantitative PCR (qPCR)-based community composition analysis (as described below).
All WBC-2 enrichment subcultures are maintained in basic mineral medium (10) and are incubated statically at room temperature in the dark in an anaerobic glove box (Coy Laboratory Products, Grass Lake, MI) supplied with a gas mix containing CO 2 , H 2 , and N 2 (10:10:80 by volume). Cultures are incubated in 250-ml screw-cap clear glass bottles containing 200 ml of liquid volume and 50 ml headspace that are sealed with Mininert screw caps (VICI Valco Instruments, Houston, TX). The cultures are amended with ethanol and lactate to a total of 10 times the electron donor equivalents required for complete dechlorination of the specific electron acceptor amended. Calculations of electron donor equivalents assumed complete oxidation to CO 2 . Chlorinated compounds are provided to the cultures as solutions in ethanol. Every 2 to 4 weeks, cultures are reamended with electron acceptor and donor following complete dechlorination to ethene.
Clone library generation. In 2006, a clone library was generated from DNA obtained from cells harvested from 10 ml of WBC-2 culture by filtration through a 0.22-m Nalgene filter cartridge. The filter was removed from the cartridge, and DNA was extracted directly from the filter using the PowerSoil DNA isolation kit (MoBio Laboratories). Amplification of bacterial 16S rRNA genes was conducted in two sets of duplicate PCRs using different universal primer sets (8F/1492R [31] and 63F/1387R [15] ). PCR mixtures contained 6 l of the extracted DNA preparation, 40 l PCR master mix (2ϫ) (MBI Fermentas, Mississauga, ON, Canada), 50 l RNase and DNase-free deionized and distilled water (ddH 2 O), and 20 pmol of forward and reverse primers. For primer set 8F/1492R, thermocycling was performed with initial denaturation at 94°C for 5 min, 30 cycles at 94°C for 1 min, annealing at 49°C for 1 min, and extension at 72°C for 2 min, followed by one additional cycle with a final extension at 72°C for 10 min. For primer set 63F/1387R, the program used an initial denaturation at 95°C for 1 min, 30 cycles at 95°C for 1 min, annealing at 55°C for 1 min, extension at 72°C for 1.5 min, and a final cycle with a 7-min extension at 72°C. PCR products were confirmed using agarose gel electrophoresis. The duplicate PCRs were pooled and cleaned using QIAquick spin columns (Qiagen, Mississauga, ON, Canada) in a final volume of 30 l. The final cleaned products of the two different primer sets were pooled and cloned into the pCR 4-TOPO vector using the TOPO TA cloning kit (Invitrogen). Single recombinant clones were recultured for plasmid DNA preparation. Plasmid DNA templates were isolated using the SeqPrep 96 plasmid prep kit (Edge Biosystems) according to the manufacturer's protocol. DNA inserts were sequenced from both ends with the primers M13F and M13R, and complete clone sequences were assembled using GeneTool software (Biotools). Clone sequences were screened using Bellerophon 3 (15) to identify putative chimeric sequences, which were removed.
Time course growth experiments. In all time course growth experiments, the inoculum was taken from enrichment cultures solely amended with TeCA that had just completed a dechlorination cycle. Aliquots were dispensed into glass bottles that were topped up with fresh mineral medium to give the appropriate dilution (1:5 or 1:20). A single electron acceptor was added at a targeted concentration of 8 to 10 mg/liter to triplicate sets of bottles. The electron donors lactate and ethanol were amended as described above. Two controls were also prepared: (i) bottles containing uninoculated medium with electron acceptor and electron donor and (ii) bottles containing inoculated medium amended with electron donor only. All treatments and controls were prepared in triplicate. The 1:5 dilution experiment was conducted in 250-ml glass bottles sealed with Mininert screw caps. The 1:20 dilution experiment was conducted in 60-ml glass serum bottles sealed with black rubber butyl stoppers and metal crimp seals.
In the 1:5 dilution experiment, cDCE, tDCE, and TeCA were amended as single electron acceptors. Aliquots of 5 ml for DNA extraction of the cDCE-and tDCE-amended cultures were taken at time zero, just prior to adding substrate and electron donor, and then taken after 10 to 50% degradation of the primary chlorinated substrate was completed, as determined by gas chromatography, and also taken once complete degradation had occurred. For TeCA-amended cultures, 5-ml samples were taken at time zero after complete degradation of TeCA and again after complete degradation of tDCE. The experiment was tracked over 30 days. Lactate was reamended to all bottles at two occasions during the experiment to ensure that growth was not donor limited. In the 1:20 dilution experiment, four different substrates, TeCA, cDCE, tDCE, and VC, were tested independently and compared against controls without chlorinated electron acceptor. Aliquots of 5 ml for DNA extraction were taken at slightly different time points than for the 1:5 growth trial: the time zero sample was taken from the inoculum before diluting it in the experiment bottles, the next sample was obtained when the electron acceptor had been 50 to 90% degraded, and for the TeCA-amended treatment, a final sample was taken when the tDCE had been completely degraded. The 1:20 dilution growth trial was continued over 2 degradation cycles lasting a total of approximately 70 days. Lactate was reamended to all cultures on one occasion during the first degradation cycle and again to the TeCAamended cultures on one occasion in the second degradation cycle. Electron donors ethanol and lactate were also always amended simultaneously with any readdition of chlorinated electron acceptor. All chlorinated electron acceptors, except for VC, were amended from ethanolic stocks to allow more precise measurement of volumes. VC was amended from a neat gaseous stock using a gas-tight syringe.
DNA extractions. Cultures were harvested using sterile 0.2-m Sterivex filters (Millipore, Billerica, MA). The volume of culture harvested depended on the experiment: 50 ml of culture was harvested for the qPCR survey of the enrichment cultures, while 5 ml of culture was harvested for the time course experiments and tDCE or VC enrichment cultures. After the cultures were harvested, the Sterivex filters were frozen for at least 1 h at Ϫ80°C, and then the membrane filter in the Sterivex cartridge was excised and sliced into small (ϳ5-mm 2 ) pieces with a sterile surgical blade (24) . The filter pieces were transferred to a bead-beating tube from the UltraClean soil DNA kit (MoBio Laboratories Inc., Carlsbad, CA). The DNA was extracted by following the manufacturer's alternative protocol for maximum yields, except that DNA was eluted in sterile ddH 2 O rather than the eluent provided. The DNA concentration and quality were assessed using a spectrophotometer (NanoDrop ND-1000; NanoDrop Technologies, Wilmington, DE).
Primers and primer design for qPCR. All qPCR primers used in this study were from previously published studies except those for Dehalogenimonas (Table 1) . Primers targeting Dehalogenimonas were designed by aligning all Chloroflexi-assigned 16S rRNA sequences from the WBC-2 clone library. Alignments were generated using MUSCLE version 3.6 (9), and primers were manually selected. Prospective primers were analyzed with OligoAnalyzer 3.1 (Integrated DNA Technologies) to ensure that primers had an annealing temperature close to 60°C and that they were thermodynamically unlikely to form a hairpin loop, self-dimerize, or form heterodimers with their amplification partner primer. The selected primers were synthesized by Sigma (Toronto, ON, Canada). Primer specificity was tested using plasmid DNA from the Dehalogenimonas clone (positive control) and Dehalococcoides clones (negative controls) from the WBC-2 clone library and WBC-2 genomic DNA. Mixtures for PCRs to ascertain primer specificity contained 0.5 M each primer, 1ϫ NEB Taq polymerase reaction buffer, 0.25 mM deoxynucleoside triphosphates (dNTPs), 1 to 2 U Taq polymerase (NEB), and approximately 100 ng of plasmid DNA. The reaction protocol was as follows: initial denaturation at 95°C for 5 min and then 35 cycles at 95°C for 30 s, the desired annealing temperature (50 to 65°C) for 30 s, and extension at 72°C for 60 s, followed by a final extension step at 72°C for 7 min. The designed qPCR primers were specific to Dehalogenimonas at annealing temperatures above 54°C (data not shown), and sequencing of this product from the genomic DNA resulted in a single unambiguous 16S rRNA gene sequence corresponding exactly to the Dehalogenimonas clone sequence. All subsequent reactions with these primers were conducted at an annealing temperature of 59°C. The 16S rRNA genes sequences for Dehalogenimonas strains BL-DC-9 and BL-DC-8 had not been described at the time of primer design and therefore were not included in the alignments utilized. A subsequent in silico comparison was conducted to ascertain the specificity and applicability of the primer sets at the genus level (see Table S3 in the supplemental material).
Real-time qPCR. DNA samples were diluted 100 times with distilled water that had been filtered with a 0.2-m filter (Acrodisc; Pall Corporation, Port Washington, NY). All subsequent DNA sample manipulations were conducted in a PCR cabinet (ESCO Technologies, Hatboro, PA) with the fan on. Each qPCR was run in triplicate. The qPCRs were calibrated by constructing a standard curve using known concentrations of plasmid DNA containing the corresponding 16S rRNA gene insert. The standard-curve DNA samples comprised serial dilutions of the plasmid DNA for each bacterium of interest from 10 8 copies/l plasmid stock solutions through 10 6 , 10 5 , 10 4 , 10 3 , 10 2 , and 10 copies per microliter. The original enrichment culture screens and all growth trial qPCR analyses were conducted using an DNA Engine Opticon 2 continuous fluorescence detector (MJ Research) with the SYBR green JumpStart Taq ReadyMix kit (Sigma-Aldrich, St. Louis, MO). Each 20-l reaction mixture contained 10 l of 2ϫ SYBR green JumpStart Taq ReadyMix, 0.5 M (each) both forward and reverse primers, and 2 l of diluted DNA template. The thermocycling program was as follows: initial denaturation at 95°C for 5 min, followed by 45 cycles of denaturation at 95°C for 30 s, annealing at 59°C for 30 s, and extension at 72°C for 30 s, followed by a plate read, and then a final melting curve analysis from 72 to 95°C, measuring fluorescence every 0.5°C. The Dehalobacter qPCRs were run with an annealing temperature of 62.5°C.
The tDCE and VC enrichment culture qPCRs for the community composition analysis contained 10 l Sofast EvaGreen (Bio-Rad), 0.25 M (each) the forward and reverse primers, 7 l water, and 2 l diluted DNA template. The thermocycling program was as follows: initial denaturation at 98°C for 2 min, followed by 40 cycles at 98°C for 5 s, annealing at 59°C for 10 s (62.5°C for Dehalobacter qPCRs), and a plate read. A final melting curve was conducted as described above.
The amplification efficiency of each set of qPCRs was assessed by comparing the equation of the standard curve calculated for each run (23) (see Tables S1 and S2 in the supplemental material). The threshold cycle (C T ) was set as a constant across all SYBR green experiments at a log fluorescence of 0.015. The C T for EvaGreen qPCRs was set at 0.1 to accommodate the higher background typically present in that system. This C T gives efficiencies and intercepts comparable to those of the above method for SYBR green normalization. The mean efficiency was above 90% for each of the organism primer sets utilized. qPCR-determined 16S rRNA copies/ reaction were used to back-calculate organism abundances, defined as numbers of 16S rRNA copies/ml culture, assuming 100% DNA extraction efficiency and taking into account culture volumes extracted and amount of DNA introduced to each reaction.
Analytical procedures. For analyzing the concentration of chlorinated alkanes and chlorinated alkenes, methane, ethene, and ethane, a 300-l headspace sample was injected into a Hewlett Packard 5890 series II gas chromatograph coupled with a flame ionization detector and a 30-m GSQ PLOT column (0.53-mm inner diameter) (J&W Scientific, Folsom, CA). The oven temperature was held for 1 min at 50°C and then increased to 190°C at 30°C/min and held constant at 190°C for 5 min. For analyzing the concentration of TeCA, a second 300-l headspace sample was injected into a 7890A GC system (Agilent Technologies, Santa Clara, CA) gas chromatograph coupled with a flame ionization detector and a DB624 column (Agilent). The oven temperature was held for 1 min at 40°C and then increased to 200°C at 30°C/min and held constant at 200°C for 5 min. Aqueous external standards of TeCA, TCE, tDCE, cDCE 1,1-DCE, 1,2-DCA, and 1,1,2-TCA were prepared gravimetrically from methanolic stocks. VC (Sigma-Aldrich) was added separately to these standards using a gas-tight syringe (Hamilton Company, Reno, NV) from a neat gaseous stock. Another set of aqueous external standards of ethene, methane, and ethane were prepared from cylinders of 99.5% pure ethene and a gas mix with 1% of each compound (Scotty II; Alltech Associates Inc., Deerfield, IL). Standards were formulated in five concentrations spanning 1 to 50 mg/liter and run in triplicate with the gas chromatographic methods described above, yielding standard curves for quantification of the compounds of interest.
RESULTS AND DISCUSSION

Identity and abundance of dechlorinating organisms in WBC-2.
Two bacterial 16S rRNA gene clone libraries were previously generated for the WBC-2 culture: one in 2004 (16) and one in 2006. The 2004 clone library revealed sequences related to Clostridium and Acetobacterium, a small proportion of sequences related to Dehalobacter, and one clone sequence corresponding to Geobacter (16) . Dehalococcoides was not represented in the clone library but was later found to comprise approximately 1% of the culture based on targeted qPCR (18) . The 2006 bacterial 16S rRNA gene clone library described herein was generated from the WBC-2 culture following 3 years of enrichment with TeCA, 1,1,2-TCA, and cDCE. A total of 75 16S rRNA clone sequences were generated (NCBI accession no. JQ599624 to JQ599698). Acetobacterium spp. sequences remained dominant (36/75 clones), with clostridial se- quences most closely related to Dehalobacter as the second-mostabundant phylotype (15/75 clones). Dehalococcoides sequences were also abundant (5/75 clones). Other sequences included those related to uncultured Clostridium (6/75 clones), uncultured Anaeromusa (7/75 clones), and Desulfovibrio (3/75 clones). None of these sequences bear similarity to known or predicted dechlorinating organisms. No clones corresponding to the originally identified Geobacter sequence were present. A single 16S rRNA clone sequence (accession no. JQ599651) was assigned to the phylum Chloroflexi, with 91% identity to Dehalococcoides 16S rRNA and 96% sequence identity with the recently described Dehalogenimonas lykanthroporepellens strains BL-DC-9 and BL-DC-8 (22) . This level of sequence similarity places the WBC-2 sequence within the Dehalogenimonas genus, but the sequence is likely to be a species distinct from the two known D. lykanthroporepellens strains (Fig. 1) . Based on this novel bacterium's phylogenetic affiliation with known dechlorinating organisms, we wondered if it might play a role within the TeCA-dechlorinating microbial community. The University of Toronto WBC-2 enrichment subcultures were established in 2007 and 2010 with various permutations of chlorinated electron acceptors. To examine the community composition in these enrichment cultures, qPCR primers were chosen to target and distinguish between the Geobacter, Dehalococcoides, Dehalobacter, and Dehalogenimonas genera identified in WBC-2 (Table 1) . A novel set of qPCR primers was designed to detect the Dehalogenimonas in WBC-2. In a comparison with 13 recently published primer pairs designed for Dehalogenimonas lykanthroporepellens (31), we determined that 9 of 13 pairs would not adequately distinguish between Dehalococcoides and Dehalogenimonas in WBC-2. Of the remaining four primer pairs, two would function well as qPCR primers based on insert size, while two pairs amplify a product too large for qPCR assays (see Table S3 in the supplemental material). This highlights the sequence dissimilarity between Dehalogenimonas in WBC-2 and the D. lykanthroporepellens strains and illustrates that genus-level detection tools may remain in flux as novel organisms expand the depth of the known Chloroflexi.
Dehalococcoides, Dehalobacter, and Dehalogenimonas were present at proportionally high abundances in the various WBC-2 enrichment subcultures, but their distribution varied as a function of the chlorinated electron acceptor (Fig. 2) . Geobacter was not detected in any WBC-2 subcultures. The parent and transfer cultures of the 2007 enrichments maintained with the same electron acceptors were consistent in the enrichment ratios of the three dechlorinating populations, indicating that these proportions were stable 1 year after transfer and dilution ( Fig. 2A) . Dehalobacter was detected at a relatively high abundance in all subcultures amended with TeCA or 1,1,2-TCA but not in the bottles amended with cDCE, tDCE, or VC. Dehalogenimonas was detected at the highest relative percentages in the subcultures amended with the threecompound mixture (TeCA, 1,1,2-TCA, and cDCE), with TeCA alone, and with tDCE alone. Dehalococcoides was detected in all WBC-2 subcultures at various proportions (Fig. 2) . The WBC-2 enrichment cultures amended with cDCE were dominated by Dehalococcoides, while the 1,1,2-TCA-amended subcultures contained a ratio of Dehalococcoides to Dehalobacter that ranged from 2.3:1 to 5.2:1, with a nearly complete absence of Dehalogenimonas. The qPCR culture survey results indicated that all three organisms were involved in dechlorination of TeCA, as the bottles amended with solely TeCA contained a relatively balanced proportion of all three genera (Fig. 2) . Further insights into the chlorinated substrates for each of the three populations were determined by monitoring growth during dechlorination as described below.
TeCA dechlorination pathway. In order to clarify the major dechlorination pathway for TeCA in the WBC-2 culture, the TeCA-amended subcultures were diluted 1:5 and 1:20 (to slow down transformation) and the concentrations of chlorinated intermediates were closely monitored over time. TeCA was primarily degraded in three steps: (i) dichloroelimination of TeCA to tDCE, (ii) hydrogenolysis of tDCE to VC, and (iii) hydrogenolysis of VC to ethene (Fig. 3) . Measured concentrations of tDCE accounted for up to 66% of the amended TeCA in the 1:5 dilution experiment and up to 100% of the amended TeCA in the 1:20 dilution experiment at its maximum concentration ( Fig. 3 ; see also Fig. S1A in the supplemental material) , indicating clearly that TeCA dechlorination proceeded primarily via tDCE. Moreover, tDCE accumulated to higher concentrations than VC, indicating that tDCE dechlorination to VC was rate limiting. When tDCE and cDCE were amended as the substrates (see Fig. S2 in the supplemental material), they were transformed via VC to ethene, confirming that dechlorination of tDCE by WBC-2 is via VC. An accumulation of tDCE was seen in previously reported experiments characterizing the WBC-2 consortium (16), but the proportion of tDCE observed was small (Ͻ13% of the amended TeCA), and this finding was not sufficient evidence for the dominance of this pathway. From the experiments presented here, we can conclude that WBC-2 degrades TeCA biotically through dihaloelimination to tDCE and subsequent hydrogenolysis through VC to ethene. Other known pathways for TeCA dechlorination via reductive dechlorination to 1,1,2-TCA or via the considerably slower abiotic hydrohaloelimination to TCE have been occasionally observed in the cultures during upsets (e.g., exposure to oxygen or very deep dilutions) when some or all of the microbial processes are slowed or inhibited (not shown).
Tracking growth of dechlorinating microorganisms by qPCR. To elucidate the specific roles of each dechlorinating population in the WBC-2 culture, we monitored growth using qPCR in the 1:5 and 1:20 dilution experiments described above. The qPCR results, expressed as numbers of 16S rRNA gene copies per ml of culture, indicated that all three dechlorinating bacteria (Dehalobacter, Dehalococcoides, Dehalogenimonas) grew in TeCA-amended cultures, increasing in cell numbers by about one order of magnitude over the course of 30 days in the 1:5 dilution trial (Fig. 3B ) and 70 days in the 1:20 dilution trial (see Fig. S1B in the supplemental material). Dehalobacter grew during the dechlorination of TeCA to tDCE (Fig. 3B) . Dehalobacter did not grow in cDCE-, tDCE-, or VC-amended treatments (not shown on graphs). Dehalogenimonas grew only in the presence of tDCE ( Fig. 3B and 4A ; see also Fig. S2C in the supplemental material); copies of Dehalogenimonas 16S rRNA genes per ml of culture increased by about an order of magnitude over the course of dechlorination in the tDCE-amended culture, while there was no significant change of Dehalogenimonas copies in the cDCE-or VCamended cultures ( Fig. 4A; see also Fig. S2C ). In contrast, Dehalococcoides grew under all conditions (TeCA, tDCE, cDCE, and VC) ( Fig.  3B and 4B ; see also Fig. S1B and S2D) . Dehaloccoides 16S rRNA gene copies appeared to increase early during TeCA degradation (Fig. 3B) , possibly indicating a direct role in TeCA dechlorination, though sampling was not frequent enough to discriminate with any confidence. Moreover, early growth of Dehaloccoides was not observed in the second experiment (see Fig. S1B ). Dehalococcoides is readily able to dechlorinate TCE (see Fig. S3 in the supplemental material) and thus will utilize any TCE formed abiotically. The degradation of abiotically produced TCE by Dehalococcoides may perhaps explain a portion of the ethene produced early during TeCA degradation ( Fig. 3A ; see also Fig. S1 ).
The results from the analysis of population distributions in the enrichment cultures (Fig. 2) and the conclusions from growth experiments are entirely consistent. Dehalobacter is implicated in the dihaloelimination of chlorinated ethanes, for TeCA to tDCE and 1,1,2-TCA to VC, consistent with prior reports for this genus (12) . Dehalococcoides is implicated in dechlorination of chlorinated ethenes: TCE, tDCE, cDCE, and VC. It is the only organism capable of dechlorinating VC within the WBC-2 culture, consistent with research on Dehalococcoides (17) . Interestingly, in this study, Dehalogenimonas is implicated only in dechlorination of tDCE. It did not appear to grow during the conversion of TeCA to tDCE or 1,1,2-TCA to VC or in the presence of cDCE or VC. While other strains of Dehalogenimonas have been shown to dechlorinate TeCA and 1,1,2-TCA (22, 26, 27) , the nearly complete absence of Dehalogenimonas in the 1,1,2-TCA-amended enrichment cultures suggests that it may be unable to dechlorinate 1,1,2-TCA or may be outcompeted by Dehalobacter in the WBC-2 culture.
Each of the three sequential dechlorination steps in the conversion of TeCA to ethene involves the transfer of two electrons. Assuming roughly similar free energies of reaction and, thus, cell yields (in g per electron equivalent) per step, the dechlorinating populations should stabilize in roughly similar mass proportions in TeCA-amended cultures. In order to convert measured copies of 16S rRNA genes per ml to cell numbers and then to cell mass, estimates of 16S rRNA genes per genome and cell volumes are needed. All currently sequenced dechlorinating Chloroflexi genomes, including Dehalogenimonas lykanthroporepellens strain BL-DC-9, contain a single 16S rRNA. Recent genome sequencing in our lab has revealed that Dehalobacter contains 3 to 4 16S rRNA copies per genome. However, Dehalobacter cells are roughly 3 to 4 times larger than Dehalococcoides, and thus, numbers of copies per ml for all three genera are reasonable comparators for yield, and we do see reasonably even proportions (same order of magnitude) of each genus in the TeCA-amended cultures (Fig. 2) . Certain Dehalococcoides strains can respire or cometabolize tDCE (13, 17) , though many dechlorinate tDCE more slowly than cDCE. The WBC-2 Dehalococcoides and Dehalogenimonas populations likely compete for energy during the dechlorination of tDCE, with Dehalogenimonas prevailing under the conditions studied.
WBC-2 is a complex yet robust enrichment culture capable of degrading a wide variety of anthropogenic contaminants. We assigned roles to three dechlorinating bacterial genera present in the culture (Fig. 5 ) and determined that all three were involved in the complete dechlorination of 1,1,2,2-tetrachloroethane to ethene. We show for the first time that a Dehalobacter is capable of growthassociated dechlorination of TeCA to tDCE. We also identify a Dehalogenimonas population capable of coupling tDCE dechlorination to VC with growth. This is the first time an organism other than Dehalococcoides has been shown to grow on dichloroethene. Considering that tDCE is ranked just under TeCA at 173rd on the CERCLA hazardous chemicals list (1), with sources coming from primary industrial releases and with it being a product of TCE and tetrachloroethene (PCE) dechlorination (5, 11), the WBC-2 enrichment culture, capable of specifically degrading tDCE, could serve as an effective tool for bioremediation of tDCE-impacted sites.
